1.. CANCER STEM CELLS: A NEW TARGET AGAINST CANCERS
===================================================

Cancer is a global disease that occurs by the accumulation of mutations in the cells of the body \[[@R1], [@R2]\]. Drug resistance, which impairs the effectiveness of anti-cancer drugs, is one of the most common problems in cancer therapy, and resistance to chemotherapeutic agents exerts a negative impact on the survival rate of cancer patients \[[@R3]\]. However, the causes of drug resistance are numerous and complex. Various factors result in therapeutic failure, such as genetic mutations that promote heterogeneous populations and the presence of cancer stem cells (CSCs), as reviewed elsewhere \[[@R4]-[@R6]\]. CSCs represent a small population of cancer cells with a low proliferation rate and a high tumorigenic potential \[[@R7]\]. Emerging evidence shows the presence of mutations in stem cells and progenitor cells, which might lead to tumorigenesis \[[@R7]\]. CSCs are more resistant to conventional chemotherapy and radiotherapy, and they are able to regenerate a whole new tumor if they remain alive during treatment \[[@R8]-[@R10]\]. Targeting these cells among actively dividing cancer cells may significantly contribute to solving the problem of resistance and relapse (Fig. **[1](#F1){ref-type="fig"}** ).

Analysis of tumor cell lines, animal xenograft models, and human leukemic samples, including acute myeloid leukemias (AML) and acute lymphoblastic leukemias (ALL), revealed cell populations with distinct proliferation rates. The major observations relate to the leukemic blasts from patients in which two populations showed different proliferation patterns: a proportion of cells with fast growth within 24 h and a smaller subset of cells proliferating only after weeks to months \[[@R11]-[@R13]\]. The conclusion of this study was that the population with a low proliferation rate could be the result of mutations of primitive hematopoietic precursors \[[@R12], [@R13]\]. However, the existence of heterogeneous tumor cell populations was only discovered in 1997. This population of cells was shown to have stem cell properties, such as self-renewal capacity, low proliferation rate, and the ability to differentiate recapitulating the phenotype of the disease observed in patients \[[@R14]\].

Some experiments have suggested that CSCs might arise from normal stem cells and progenitor cells of adult tissues that have accumulated malignant mutations and have lost their ability to self-regulate \[[@R13], [@R15], [@R16]\]. It has recently been demonstrated that CSCs are present in both hematologic malignancies and solid tumors. Recently, surface markers used to identify adult stem cells in tissues have been used to recognize CSCs such as leukemia CD34^+^/CD38^−^ \[[@R17]\], breast cancer CD44^+^/ESA^+^/CD24^−^ \[[@R18]\], brain cancer CD133^+^ \[[@R19]\],pancreatic cancer CD44^+^/CD24^+^/ESA^+^ \[[@R20]\], colon cancer CD133^+^ \[[@R21]\], liver cancer CD133^+^ \[[@R22]\], prostate cancer CD44^+^/CD133^+^ \[[@R23]\], lung cancer CD133^+^ \[[@R24]\], and ovarian cancer CD133^+^/CD44^+^/CD117^+^ \[[@R25]\].

Extensive studies of CSC biology have revealed some critical mechanisms of drug resistance in CSCs, such as overexpression of ATP-binding cassette (ABC) transporters \[[@R26]\]. Moreover, some key pathways are critical for the survival and drug resistance of CSCs, including NOTCH, WNT/β-catenin, Hedgehog (Hh) and nuclear factor kappa B (NF-κB), among others \[[@R27], [@R28]\]. Therefore, inhibition of the resistance mechanisms and intracellular pathways leading to the elimination of CSCs are important features to be considered in the search for new compounds targeting cancer. The focus of this review is to describe how natural compounds can modulate these resistance mechanisms and intracellular pathways in the fight against CSCs.

2.. NATURAL COMPOUNDS IN CANCER TREATMENT
=========================================

Even with knowledge of the causes of cancer and its associated risk factors, efforts to prevent its emergence have proved to be insufficient. The elucidation of the mechanisms involved in carcinogenesis and the focus on finding new therapies for the treatment of cancer are considered the main strategies for controlling cancer. Despite the development of new techniques for the discovery of new drugs, such as chemical synthesis, combinatorial chemistry, and molecular modeling, the use of natural sources, especially plants, remains one of the most importance sources for the discovery and development of new anti-cancer drugs \[[@R10], [@R29], [@R30]\].

The use of natural compounds in many different contexts for the treatment of several diseases is one of the oldest forms of medical practice. According to the World Health Organization (WHO), approximately 65- 80% of the world's population in developing countries relies on the use of traditional medicine in primary health care \[[@R31]\]. However, the bioactive components in most of these natural compounds that have been used for centuries have not yet been fully elucidated. On the other hand, numerous new molecules have been identified and are now used in medical therapy, especially in oncology. From 1940 to 2010, approximately 175 anti-cancer molecules were launched on the market and 75% of these molecules came directly or indirectly from natural compounds \[[@R32]\].

In oncology, the first natural compounds to be identified were the vinca alkaloids vincristine and vinblastine, which were isolated from *Catharanthus roseus*, as well as cytotoxins isolated from *Podophyllum sp*. in the 1950s \[[@R33]\]. In 1964, actinomycin was approved \[[@R33]\], and then, in 1966, camptothecin was isolated from the Chinese plant *Camptotheca acuminata*, a quinoline alkaloid that acts as an inhibitor of topoisomerase I, as reviewed in \[[@R34]\]. Because of its unique mechanism of action, analog compounds were then synthesized and investigated for their effectiveness as cancer treatments \[[@R34]\]. The success of these studies led to the development of chemotherapeutic drugs that are currently in use, such as paclitaxel and docetaxol, which were approved in the 1990s for breast cancer treatment and have been effectively used for the treatment of various cancers \[[@R35]\]. Several other medicines were derived from these compounds, such as rapamycin, which was isolated in 1975. After its approval in 2007, it brought to market 12 derived natural compounds that were all approved for cancer treatment including ixabepilone (2007), romidepsin (2009), cabazitaxel (2010), abiraterone acetate (2011) and carfilzomib (2012), among others \[[@R32]\]. Additionally, in 2012, Abraxane^®^, an injectable paclitaxel nanoparticle and another example of the numerous derivatives based on these findings, was approved \[[@R36]\]. The diverse plant species and numerous identified compounds are still proving to be potent anti-cancer agents.

3.. PHYTOMETABOLITES TARGETING CSCS MODULATE ABC TRANSPORTERS, KEY REGULATORS OF ANTICANCER DRUG RESISTANCE
===========================================================================================================

Two important properties of adult stem cells, self-renewal and quiescence, guarantee the permanence of these cells in the undifferentiated state in tissues throughout the life of an organism \[[@R37]\]. This permanence is attributed to several mechanisms that block the signaling pathways associated with proliferation and differentiation and to mechanisms that protect a wide variety of compounds, ensuring that adult stem cells remain in the undifferentiated state \[[@R38], [@R39]\].

The presence of efflux transporters such as ABC transporters on the cell membrane is an important mechanism that protects the cellular homeostasis of stem cells \[[@R40]\]. These transporters allow the efflux of a variety of small regulatory molecules such as steroids that could trigger proliferation or differentiation \[[@R41]\]. For instance, the expression of these transporters could be related to the undifferentiated state because the evaluation of the expression of the *ABCG2* gene, also known as the breast cancer resistance protein (*BCRP*) gene, showed high expression levels in the most primitive hematopoietic population (CD34^+^CD38^-^) and low expression levels in mature cells \[[@R42]\]. Interestingly, the same transporters are also expressed in tumor cells, particularly in CSCs \[[@R43], [@R44]\]. It is well established that the presence of efflux pumps is an important mechanism of resistance and evasion to chemotherapy treatment that is strongly associated with the recurrence of cancer \[[@R45]\]. The presence of these transporters in specific cell populations could easily be determined with the dye efflux assays using fluorophores by flow cytometry \[[@R46], [@R47]\].

The ABC transporter family includes a family of at least 48 genes grouped into seven families (A-G) with different functions \[[@R48]\]. Among the main transporters are P-glycoprotein (P-gp), encoded by the *ABCB1* gene (also called as multidrug resistant protein-1, MRD1), the breast cancer resistance protein (BCRP/ABCG2), and the multidrug resistance-associated proteins (MRP1 and MRP2), encoded by the *ABCC1* and *ABCC2* genes, respectively \[[@R49]\]. All of these molecules use the energy obtained from ATP hydrolysis to translocate substances across the cell membrane against an electrochemical gradient \[[@R50]\]. Structurally, these transporters have two transmembrane domains formed from 6-12 α-helices, which determine the binding specificity to the substrate, and two ATP-binding domains, called nucleotide-binding folds, which hydrolyze ATP to provide energy for the efflux pump, as depicted in (Fig. **[2](#F2){ref-type="fig"}** ), and described in \[[@R50]\].

Several studies have demonstrated the role of ABC transporters in the resistance of CSCs. In rat glioblastoma multiforme CD133^+^ cells, the presence of ABCB1 contributed to resistance to the anti-neoplastic drugs camptothecin and doxorubicin \[[@R51]\]. Additionally, ABCG2 protein expression was directly associated with the migration and invasion ability of U251 glioma stem-like cells \[[@R52]\]. Similarly, a direct association with increased ABCG2 expression was also observed in CD44^+^CD24^-^ low ESA^+^ cells obtained from metastatic breast cancer \[[@R53]\]. The expression of *ABCB5* was associated with tumor progression and relapse of oral cancer squamous cell carcinoma. *ABCB5* expression was also associated with the presence of a putative CSC compartment in CD44^+^ cells \[[@R54]\]. Moreover, several signaling pathways that regulate self-renewal and stem cell pluripotency, such as the WNT pathway, can modulate the expression of efflux pumps in CSCs. Activation of WNT leads to overexpression of the *ABCB1* gene in uterine sarcoma and breast cancer \[[@R55]\]. OCT-3/4 protein deregulation can also contribute to drug resistance in glioblastoma cells and can increase *ABCG2* gene expression \[[@R56]\].

Once the overexpression of ABC transporters was recognized as a mechanism that confers the resistance of tumor cells to several drugs, many efforts were made to develop drugs that decrease the expression or functions of ABC transporters. The first drugs used for this purpose were called the first generation modulators or inhibitors of ABC transporters and included molecules such as verapamil, cyclosporine and quinine \[[@R57]\]. Although beneficial effects were observed in preclinical studies, few beneficial effects were observed in clinical trials \[[@R58]\]. Verapamil, which also acts as an inhibitor of calcium channels, induced toxicity in cardiomyocytes \[[@R58]\]. To overcome the limitations of the first generation modulators of ABC transporters, the specific drugs, such as valspodar (PSC-833) and ebiricodar (VX710), were specifically developed against them. These modulators were called the second generation modulators of ABC transporters \[[@R59]\], and showed better efficacy than the first generation modulators when used in combination with traditional chemotherapy. However, they had serious side-effects on hepatic and intestinal metabolism by inhibiting enzymes of the cytochrome P450 family and reducing the clearance of drugs \[[@R59]\]. The third generation modulators of ABC transporters, such as elacridar (GF120918), laniquidar (R101933), zosuquidar (LY335979) and tariquidar (XR9576), are more active and have fewer side effects compared to the other generations of modulators, reducing the expression of *ABCG2* and *ABCC1* genes \[[@R60]\].

Recently, the research goal has been to investigate natural product modulators to overcome multidrug resistance in cancer. The beneficial activity of natural modulators on ABC transporters is mainly associated with synergism with other anti-tumor drugs. Natural compounds can act as competitors of active sites of efflux pumps, reducing the chemotherapeutic efflux \[[@R61]\]. Among the class of secondary metabolites, flavonoids stand out as efflux pump inhibitors particularly because they inhibit P-gp ATP-ase activity by interacting with the ATP-binding sites \[[@R62], [@R63]\]. The natural product polyphenol epigallocatechin-3-gallate (EGCG), the most abundant and active phenolic compound found in green tea, exhibits antitumor properties \[[@R64]-[@R66]\]. Numerous studies have demonstrated that EGCG affects many signaling pathways including Janus kinase (JAK)/signal transducer and activator of transcription (STAT), mitogen-activated protein kinases (MAPK), phosphoinositide 3-kinase (PI3K/AKT), WNT, Hedgehog (Hh) and NOTCH \[[@R67], [@R68]\]. Additionally, EGCG stimulates telomere fragmentation by inhibiting telomerase activity \[[@R67]\]. Moreover, beyond its ability to act as a signaling modulator, EGCG also demonstrated the ability to inhibit efflux pumps. EGCG decreased the activity and expression of *ABCB1(*P-gp*)* and *BRCP* genes in breast cancer cell lines resistant to tamoxifen \[[@R69]\]. Further studies performed in glioma stem-like cells isolated from the glioblastoma cell line U87 showed that the EGCG treatment increased the sensitivity of glioma stem-like cells to temozolomide by reducing the expression of P-gp \[[@R68]\]. Structural studies performed have shown that EGCG most likely binds to the ATP-binding site of the ABCB1 (P-gp) transporter \[[@R70]\].

Curcumin is one of the most potent and studied polyphenols found in the rhizomes of *Curcuma longa*. Three curcuminoids are found in rhizomes, curcumin I, II, and III, and they possess a wide variety of biological effects. Antioxidant, anti-inflammatory and anti-mutagenic effects of curcumin have been reported. The combination of curcumin with a variety of chemotherapeutic agents, such as tamoxifen, cisplatin, doxorubicin, and vincristine, has been shown damaging to cancer cells *in vitro* \[[@R71]-[@R77]\]. Studies carried out in KB-V1 (cervical carcinoma) and NIH3T3 (murine fibroblast) cells, which overexpress multidrug resistance (MDR)-1, showed that the three curcuminoids were able to increase the retention of fluorophores in a dose-dependent manner by inhibiting the MDR1 pump. Among the three isoforms of curcumin, curcumin I exhibited the highest affinity for P-gp due to the presence of two methoxy groups (H~3~CO), one on each side of the molecule, as demonstrated by structure-activity relationship studies \[[@R78]\]. Moreover, curcuminoids sensitized different lineages to chemotherapeutic agents. Curcuminoids inhibit the efflux of mitoxantrone and pheophorbide in cells expressing wild type and R482T mutant of *ABCG2* gene, which express *ABCG2* gene at high levels \[[@R79]\]. Furthermore, curcumin reduced the expression of the *ABCB1* gene (also known as MDR1B) mediated by the PI3K/AKT and NF-κB pathways in the multi-drug resistance leukemia L1210/Adr \[[@R80]\].

Apigenin is a flavonoid present in vegetables and medicinal plants, such as *Salvia officinalis, Lawsonia inermis, Turnera aphrodisiaca, Ocimum basilicum* and *Tamarindus indica*. This flavonoid has awakened great interest due to its chemopreventative, antioxidant, anti-mutagenic, anti-inflammatory, and antiviral properties \[[@R81]-[@R85]\]. The effects of apigenin on the ABC transporters have been evaluated in the multi-drug resistant cell line CEM/ ADR5000, an acute lymphoblastic leukemia (ALL) cell line that specifically overexpresses P-gp, and in the MDA-MB-231 cell line, a breast cancer cell line transduced with the BCRP expression vector. In both cell lines, apigenin increased the intracellular levels of doxorubicin. Additionally, apigenin increased docetaxel uptake in HEK293 cells transfected with the *ABCB5* expression cassette \[[@R86]\]. The ability of apigenin to inhibit different ABC transporters makes this molecule an interesting prototype for the development of broad-spectrum inhibitors.

Berberine is an isoquinoline alkaloid that is found in a wide variety of plants, such as *Coptis chinensis, Hydrasis canadendis, Tinospora cordifolia* and the Berberidaceae plant family. Berberine has therapeutic potential against several disorders, including type 2 diabetes, neurological disorders and cardiological disorders, and it has antibacterial, anti-inflammatory, and cytotoxicity properties \[[@R87]-[@R90]\]. Berberine also reduced the expression of genes related to the pluripotency of stem cells and decreased the percentage of side populations in the tumor pancreatic cells PANC-1 and MIA PaCa-2 \[[@R91]\]. The liposome formulation of berberine exhibited effects on the expression of ABC transporters. Berberine also reduced the expression of *ABCC1* and *BCRP/ABCG2* genes in human breast cancer MCF-7 cells, as described in \[[@R92]\].

Isoliquiritigenin is a chalcone derived from licorice and from plants, such as *Spatholobus suberectus* \[[@R93]\]. The anti-proliferative effects, suppression of metastasis, angiogenesis, and the induction of apoptosis were investigated for this chalcone \[[@R64], [@R94]-[@R96]\]. However, its effects on WNT/ CTNNB1 (β-catenin) signaling in breast CSCs have drawn attention because these features are important for the treatment of this disease \[[@R97]\]. Isoliquiritigenin is an effective chemosensitizer that exhibits synergistic effects with common chemotherapies, such as 5-fluorouracil, epirubicin and taxol, mainly in the breast cancer cell lines, MDA-MB-231 and BT-549. Isoliquiritigenin reduced the formation of colonies and the side population in the presence or absence of epirubicin in the breast cancer cell lines, MDA-MB-231 and MCF-7. The molecular mechanisms of this compound were investigated in CSCs from MDA-MB-231. It was shown that its effects include lower expression of β-catenin target genes (BCRP/ABCG2, cyclin D1 \[CCND1\], survivin \[also known as baculoviral IAP repeat containing 5, BIRC5\], OCT4 and c-MYC). In *in vivo* studies, isoliquiritigenin did not exhibit adverse effects in normal adult stem cells; but in non-obese diabetic/ severe combined immunodeficient (NOD/SCID) mice inoculated with CSCs from MDA-MB-231, isoliquiritigenin reduced the tumor size alone or when administered with epirubicin \[[@R98]\].

The modulators described above are just a few natural compounds that could be useful tools to reduce drug resistance in various human cancers. Moreover, additional studies are being conducted to identify novel compounds that affect drug resistance displayed by tumor cells. For instance, in a high throughput assay using a library of 69 cardiotonic steroids, a compound 6 was identified with the ability to inhibit P-gp in CEM/ADR5000 cells \[[@R99]\]. New 9-hydro-β-agarofuran sesquiterpenes were isolated from the leaves of *Celastrus vulcanicola*. Four of them were found to act as powerful chemosensitizers in NIH-3T3 cells transfected with the human *ABCB1* (*MDR1)* gene. These new compounds have better efficacies than the classical inhibitor verapamil \[[@R100]\]. A number of compounds isolated from various plants, which constitute Traditional Chinese and Indian medicines, such as the lignans from *Arctium lappa*, and the flavonoid baicalein from *Scutellaria baicalensis,* as well as active compounds from *Withania somnifera* and *Tinospora cordifolia,* may also provide some promising results \[[@R101]-[@R103]\].

4.. WNT SIGNALING IS MODULATED BY NATURAL COMPOUNDS TARGETING CANCER CELLS
==========================================================================

The WNT/CTNNB1 (β-catenin) pathway is known to control various processes during embryonic development and to regulate the maintenance of the undifferentiated state of adult stem cells. Aberrant regulation of this signaling involves epigenetic silencing, mutations or downregulation of genes that encode inhibitors of the WNT/β-catenin pathway. Altered regulation of the WNT signaling is associated with pre-malignant conditions in different types of cancer and other diseases such as fibrosis, neurodegenerative diseases or even metabolic diseases \[[@R104]\]. The human WNT gene family comprises 19 members encoding glycoproteins rich in cysteine residues \[[@R105]\]. The existence of more than 15 receptors and co-receptors for the WNT-ligand shows how important and complex this signaling pathway is \[[@R105], [@R106]\].

Currently, three WNT signaling pathways are known: the canonical WNT pathway, non-canonical planar cell polarity (PCP), and the non-canonical WNT/Ca^2+^ pathway. Of these, the canonical is the better understood. The canonical WNT/CTNNB1 pathway begins its signal transduction from the Frizzled (FZD) and LRP5/6 receptors \[[@R105], [@R106]\]. The WNT ligands are secreted glycoproteins that are heavily modified prior to transport and released into the extracellular milieu. Studies have revealed that the WNT proteins are glycosylated in the endoplasmic reticulum and are also palmitolated. The *porcupine* protein has been shown to play an important role in the palmitoylation of the WNT \[[@R107]-[@R109]\].

In the absence of WNT ligands, CTNNB1 (β-catenin) is bound to a complex formed by glycogen synthase kinase 3β (GSK3β), AXIN2 (also known as conductin), casein kinase 1α (CK1α) and adenomatous polyposis coli (APC) protein, where β-catenin is phosphorylated \[[@R105], [@R106], [@R110]\]. The β-catenin protein is then being ubiquitinated by β-transducin repeat containing protein (β-TrCP or TRCP1) E3 ubiquitin ligase and subsequently degraded by the proteasome \[[@R110]\]. On the other hand, the pathway is activated by binding of WNT ligands (secreted from neighboring cells) to bind to Frizzled (FZD) and low-density lipoprotein receptor-related protein (LRP)-5/-6 receptors located on target cells. After binding to receptors, the destruction complex captures and phosphorylates β-catenin, but its ubiquitination by β-TrCP is blocked resulting in the accumulation of β-catenin \[[@R111], [@R112]\]. Additionally, after the binding of WNT to its receptor, LRP5/6 is phosphorylated by CK1α and GSK3β, which enables the membrane translocation of a key negative regulator of signaling, AXIN, which binds to a conserved sequence in the cytoplasmic tail of LRP5/6. Another important event is the recruitment of the cytoplasmic protein Dishevelled (DVL) to the plasma membrane where it interacts with FZD \[[@R113]\]. The interaction of AXIN with phosphorylated LRP5/6 and DVL leads to the inactivation of the degradation complex and the accumulation of β-catenin, which is translocated to the nucleus \[[@R114]\]. In the nucleus, β-catenin forms a transcriptionally active complex with Lymphoid enhancer factor/T-cell factor (LEF/TCF) by displacing transducin-like enhancer protein (TLE) protein (human homolog of *Drosophila* Groucho protein) and interacts with co-activators, such as B-cell lymphoma 9 (BCL-9), Pygopus (PYGO), CREB-binding protein (CBP), and mixed-lineage leukemia (MLL) proteins \[[@R114], [@R115]\], as depicted in (Fig. **[3](#F3){ref-type="fig"}** ).

In cancer cells, the WNT/β-catenin pathway attracted attention for its involvement in tumorigenesis and tumor aggressiveness related to intestinal adenomatous polyposis, a hereditary cancer. The discovery of the relationship between the WNT/β-catenin pathway and the tumor suppressor APC by mutational analysis was a hallmark of tumorigenesis of this type of tumor \[[@R116]\]. Then, further studies performed in patients with colorectal cancer demonstrated other mutations in genes that participate in the WNT/β-catenin pathway. For instance, mutations in transcription factor 7-like 2 (TCFL2) and the Wilms\' tumor gene on the X chromosome (WTX), which encodes a tumor suppressor protein, were associated with carcinogenesis in colorectal cancer \[[@R117]\]. WTX protein was shown to participate in β-catenin degradation \[[@R118]\].

Other components of the pathway, such as WNT5A, which specifically acts through the non-canonical WNT/ Ca^2+^, are very important for the migration of stem cells during the embryonic period \[[@R119]\]. Additionally, CD44^+^CD24^-^ CSCs from head and neck cancer exhibit overexpression of WNT5A protein; while WNT5A is knocking-down CSCs population was reduced \[[@R119], [@R120]\]. Recently, it was observed that Rspo2, an endogenous ligand, and 6-bromoindirubin-3\'-oxime (BIO), a GSK3β inhibitor, produced a pronounced effect on pluripotency markers in lung adenocarcinoma cells (SPC-A1 and PC-9). The effect of this treatment stimulated the proliferation of spheres cells and enhanced the expression of stemness genes, such as *NANOG, OCT4*, Aldehyde dehydrogenase 1 family (*ALDH1*) and *BCRP/ABCG2* \[[@R121]\]. These data indicate that the WNT pathway plays an important role in the maintenance of CSCs in lung adenocarcinoma. In stomach cancer, expression of the WNT1 protein contributes to self-renewal of CSCs and it is correlated with the increase in proliferation rate and CD44 expression in AGS cells \[[@R122]\]. Moreover, the WNT/β-catenin pathway may also contribute to the formation of leukemic stem cells. In samples from patients with aberrant acute myeloid leukemia, increased levels of β-catenin and other components, such as WNT1, WNT2 and LEF1 were detected in the CD34^+^ population, and these effects were associated with a poor prognosis in this disease \[[@R123]\].

Currently, natural compounds, which can modulate the WNT/β-catenin pathway, were also shown to alter the self-renewal capacity of CSCs in various tumor cellular models. In a recent study, the properties of the compounds 6-shogaol and pterostilbene were demonstrated in breast CSCs. Chemically, 6-shogaol is a derivative of 6-gingerol, a polyphenolic compound found in ginger *Zinziber officinalis* \[[@R124]\], which is generated after the dehydration of 6-gingerol. 6-shogaol is cytotoxic against colon tumor cells, reduces neuro inflammation

and improves cognitive deficit \[[@R125]\]. Pterostilbene is found in blueberries and grapes as an analog of resveratrol. This compound was cytotoxic to CD44^+^CD24^-/low^ CSCs isolated from the human breast cancer MCF-7 cells. Moreover, pterostilbene inhibited the formation of mammospheres and decreased the expression of CD44. For instance, the surface marker CD44 is associated with the maintenance of stem cell characteristics \[[@R126]\]. Furthermore, 6-shogaol and pterostilbene allowed for the phosphorylation of β-catenin, thereby promoting its degradation. The expression levels of cyclin D1 (CCND1) and c-MYC proteins, which are downstream of activation of TCF/LEF by β-catenin, were also downregulated \[[@R127]\].

Synthetic derivatives of natural compounds are very promising venues to generate novel cancer chemotherapeutics. 8-bromo-7-methoxy chrysin (BRMC) is an example of a synthetic molecule derived from the flavonoid chrysin (5,7-dihydroxyflavone) that has been reported to possess cytotoxic activity indifferent tumor cell lines \[[@R128]\]. In previous studies, it was shown that BRMC can promote cell death of liver cells \[[@R129]\]. Additionally, BRMC was also able to inhibit self-renewal and proliferation of liver stem cells isolated from the MHCC97 cell line. This study demonstrated that BRMC reduced the expression of CD44 and CD133, important markers of non-differentiated liver CSCs, and promoted the reduction of β-catenin expression \[[@R130]\].

Casticin (3', 5 dihydroxy 3,4\', 6,7 tetrahydro-methoxyflavone), also known as vitexicarpin, is a component of Viticis Fructus, a traditional Chinese medicine prepared from the fruit of *Vitex trifolia*, and also found in *Vitex agnus-cactus* and *Artemisia annua* \[[@R131]\]. Regarding the properties of casticin in CSCs, it has been shown that casticin inhibits proliferation and self-renewal of liver stem cells \[[@R131]\]. In this study, casticin was more active against isolated CD133^+^ cells extracted from the MHCC97 cell line than total MHCC97 cells. Subsequently, it was shown that casticin regulates β-catenin expression and its downstream target CCND1, which have already been mentioned as targets of WNT/β-catenin signaling \[[@R131]\]. In these situations, casticin reduced the expression of proteins demonstrating the potential action of casticin as an antitumor drug for its selectivity in reaching the population of CSCs at low concentrations and reducing its self-renewal by inhibition of the WNT/β-catenin pathway \[[@R132]\]. In another study, casticin was shown to inhibit the epithelial-mesenchymal transition of liver stem cells by reducing the TWIST protein \[[@R133]\].

Resveratrol (3, 5, 4\'-trihydroxy-trans-stilbene) is a classic example of a phytometabolite with important antitumor activities that have recently been investigated. It was first isolated in 1940 from *Veratrum grandiflorum* and was subsequently identified in the species such as grapes, peanuts and mulberries \[[@R134], [@R135]\]. It is noteworthy that resveratrol exhibits antioxidant, anti-inflammatory, antibacterial, and anti-tumor properties mainly against breast, prostate, gastric, colorectal, lung, leukemia, skin and pancreatic tumors \[[@R136], [@R137]\]. Additionally, resveratrol was identified as a pro-apoptotic molecule in human pancreatic CSCs. Its action on apoptosis results from the activation of caspase 3/7 and the inhibition of expression of XIAP, BCL-2 and CCND1. Resveratrol also exhibited activity in pluripotent pancreatic ESA^+^CD44^+^CD24^+^ CSCs, whereas reduction of the expression levels of important markers of stemness, such as *NANOG, SOX2, c-MYC, OCT4* and *ABCG2*, were observed \[[@R138]\]. The actions of resveratrol against CSCs of breast cancer in an *in vivo* model were also described. It was observed in NOD/SCID mice that tumors generated by the transplantation of SUM159 cells in animals treated for two weeks with resveratrol were smaller compared to the control group without any apparent toxicity \[[@R139]\]. Moreover, the abilities of residual cells from tumors of the control group and the group treated with resveratrol were analyzed in secondary recipients. In this report, it was observed that after 30 days all six animals inoculated with cells from the control group developed tumors, whereas only one animal that received cells treated with resveratrol developed a tumor. Immunohistochemical analysis demonstrated lower expression of β-catenin and CCND1 in the groups treated with resveratrol \[[@R139]\]. Similar to resveratrol, the compound 3, 5, 4\'-trimethoxy-stilbene, a methoxylated analog, was able to inhibit the invasiveness of breast cancer cells by downregulating the PI3K/AKT and WNT/β-catenin pathways \[[@R140]\].

The compound 4 methyl sulfonyl butyl isothiocyanate (also know as sulforaphane, SFN), is a substance widely found in cruciferous vegetables such as broccoli and cabbage \[[@R141]\]. These foods are high in isothiocyanates, which are very important natural compounds with chemopreventive properties, and are capable of modulating the signaling of WNT/β-catenin \[[@R142]\]. In a study performed using leukemia stem cells (CD34^+^CD38^-^) derived from chronic myeloid leukemia (CML), the compound SFN showed a synergistic effect with the main chemotherapy used for the treatment of CML, imatinib, a tyrosine kinase inhibitor of the BCR-ABL chimeric protein \[[@R143]\]. In this report, the authors observed that SFN exhibited synergism with imatinib in the death of CD34^+^CD38^-^cells, a population with high levels of β-catenin. Sensitivity to imatinib plus SFN was higher in the CD34^+^CD38^+^ cell population, and the expression of β-catenin and MRD1 proteins, important proteins that confer drug resistance of leukemia stem cells to imatinib, was reduced by treatment with SFN \[[@R143]\].

Curcumin is another example of an extensively studied phytometabolite with important antitumor properties \[[@R144]\]. Curcumin is able to inhibit this pathway and reduce the formation of mammospheres in normal and breast cancer cell lines \[[@R145]\]. Moreover, curcumin promoted the reduction of migration and invasion of a human osteosarcoma cell line \[[@R146]\]. In this study, no change of cytosolic β-catenin content was observed; however, the nuclear β-catenin level was drastically reduced. Other studies have shown that curcumin affects cell proliferation and induces apoptosis in a human hepatocellular carcinoma cell line by reducing β-catenin activity and transcription of target genes of the WNT/β-catenin pathway \[[@R147]\]. It is well established that reduction of the transcription factor OCT4 is important in the maintenance and regulation of pluripotency of embryonic stem cells \[[@R148], [@R149]\]. In a recent study, it was shown that curcumin promoted higher levels of GSK3β and inhibition of OCT4, which are important factors for reducing the activity of the pathway and for the induction of apoptosis in human embryonic carcinoma cells \[[@R150]\].

Several studies have also demonstrated the important role of WNT/β-catenin in the development of prostate cancer \[[@R151]-[@R153]\]. Isoflavones have also been successfully used to reduce the expression and to block transcription of genes related to pathway. One mechanism described was the increased expression of GSK3β that regulates this pathway \[[@R154]\]. Traditional Chinese medicine also provides several examples of compounds that act on WNT signaling. For instance, indirubin, a compound extracted from the traditional preparation called Qingdai, has been used for many years in the treatment of leukemia and is derived from the plant *Indigofera suffruticosa*. This component was identified as an inhibitor of GSK3β \[[@R155]\]. Another example is honokiol, an active component of *Magnolia officinalis* \[[@R156]\].

5.. NATURAL COMPOUNDS TARGETING NOTCH SIGNALING IN CSCS
=======================================================

NOTCH protein signaling is another example of a signaling pathway that regulates important processes in embryonic development and supports the formation of specialized adult tissues by regulating the differentiation of stem cells. The maintenance of self-renewal in normal and cancer stem cells are also important processes regulated by NOTCH receptors \[[@R157]-[@R159]\]. NOTCH receptor-mediated signaling involves signal transmission induced by ligands present in the membrane of a signal-sending cell and its respective receptor on the signal-receiving cell \[[@R160]\]. In mammals, there are five ligands divided into two subfamilies: Delta-like (DLL1, DLL3 and DLL4) and Jagged (JAG)-1 and JAG-2 \[[@R160]\]. There are four NOTCH receptors (NOTCH 1 - 4), which form complex heterodimeric structures via their intracellular domains \[[@R160]\]. They also contain a transmembrane domain that is involved in signal transduction and an extracellular portion important for ligand recognition \[[@R160]\].

The NOTCH receptors are synthesized as single precursor proteins and during transport to the cell surface, undergo cleavage by the furin-like convertase enzyme in the Golgi apparatus \[[@R160]\]. This cleavage occurs at S1 site, which is important for receptor maturation and generates two non-covalently linked subunits. Subsequently, the NOTCH receptor is also glycosylated in the Golgi apparatus. In Drosophila, two enzymes, O-fut1 (O-fucosyltransferase) and fringe (O-fucosylpeptide β -1,3-N-acetylglucosaminyl transferase), are involved in NOTCH receptor and ligand glycosylation. In vertebrates, this process is carried out by the GDP-fucose Protein O-fucosyltransferase 1 (POFUT1) and by the fringe homologs, O-fucosylpeptide 3-beta-N-acetylglucosaminyl- transferase (LFNG, also known as Lunatic fringe), beta-1, 3-N-acetylglucosaminyltransferase manic fringe (MFNG) and beta-1, 3-N-acetylglucosaminyl-transferase radical fringe (RFNG), as reviewed elsewhere \[[@R161]\]. This event seems to be important for the recognition of NOTCH ligands in vertebrates. On the intracellular surface of the cellular membrane, the NOTCH receptor has a structure with several domains that are important for signal transduction. The epidermal growth factor-like portion is followed by a three cysteine-rich repeat domain that prevents signaling in the absence of a signal. Their ligands have an amino-terminal domain known as DSL (DELTA, SERRATE, and LAG2) followed by different numbers of epidermal growth factor-like domains \[[@R161]\].

After the interaction of NOTCH ligands with the receptor, activation occurs in two steps involving sequential cleavages. The first cleavage is mediated by a metalloprotease called Tumor Necrosis Factor-α-converting enzyme (TACE), which cleaves the extracellular receptor on the face close to the transmembrane domain (S2), as the ligands are linked to the extracellular portion and are endocytosed by the signal-sending cell. The second cleavage occurs in the transmembrane domain by the enzyme γ-secretase (S3). At this stage, the NOTCH intracellular domain is released and, in turn, is translocated to the nucleus where it heterodimerizes with the canonical C-promoter binding factor. This interaction changes the canonical C-promoter binding factor from a transcriptional repressor to an activator to move core co-repressor proteins and recruit co-activator nuclear proteins, which include proteins, such as mastermind-like (MAML1-3) proteins and CBP/p300 \[[@R162], [@R163]\], as depicted in (Fig. **[4](#F4){ref-type="fig"}** ). For a better understanding of NOTCH pathway inhibitors, reviews are widely available \[[@R28], [@R164], [@R165]\].

Currently, there are extensive studies in various human disease models in which NOTCH proteins play key roles. The first examples came from the genetic studies of aberrant Notch signaling shown in patients with T-cell ALL \[[@R166], [@R167]\]. These studies have shown that 60% of patients with T-ALL have mutations in the heterodimerization domain \['PEST' sequence, which is a peptide sequence that is rich in proline (P), glutamic acid (E), serine (S), and threonine (T)\] of NOTCH receptor that cause receptor cleavage independently of ligands and leading to a ubiquitin-mediated protein degradation of NOTCH \[[@R166], [@R167]\]. This increases the half-life of the receptor and promotes its activation in the absence of ligands \[[@R166], [@R167]\].

In one study, signaling triggered by the activation of NOTCH receptors was evaluated using a green fluorescent protein reporter gene in CSCs from human lung adenocarcinoma \[[@R168]\]. It was observed that cells with higher NOTCH activity showed enhanced ability to form tumor spheres, exhibited increased resistance to chemotherapeutic agents such as cisplatin and docetaxel, and exhibited high tumorigenicity in xenograft models \[[@R168]\]. The activation of the NOTCH receptor has also been associated with progression and poor prognosis in pancreatic cancer. It has been shown that an increase in NOTCH receptor expression contributes significantly to the acquisition of the epithelial-mesenchymal transition phenotype with high expression of mesenchymal cell markers (ZEB1, ZEB2, SNAIL2 and VIM \[vimentin\]), reduction of epithelial cell markers (E-cadherin, CDH1), increased growth and clonogenic capacity in the pancreatic cancer cell line-AsPC-1 \[[@R169]\]. High levels of NOTCH receptor expression have also been observed in prostate cancer cell lines and biopsies \[[@R170]\]. Higher expression levels are associated with more aggressive cancers according to the Gleason score \[[@R170]\]. The increase in the expression of NOTCH receptors occurs in cells surrounding vessels, suggesting a relationship between NOTCH receptors and the increase in cancer cell invasiveness \[[@R171]\]. Furthermore, activated NOTCH1 impairs mammary stem cell self-renewal and promotes tumor development in a high CD24^+^CD29^+^ cell population \[[@R172]\].

Examples of molecules extracted from plants that exert their effects on the NOTCH pathway are extensive. Honokiol, a phenolic compound that was mentioned above as an agent that acts on the WNT pathway, also has effects on colon and melanoma CSCs \[[@R173]\]. Honokiol was able to reduce the *in vitro* and *in vivo* growth of CSCs from colon tumors. This compound decreased the levels of various components of γ-secretase complex (needed to cleave NOTCH extracellular domain), including PSEN1 (presenilin-1), NCSTN (nicastrin), presenilin enhancer-2 (PEN2) protein and anterior pharynx-defective 1(APH1) protein, as well as the NOTCH ligand JAG-1, and NOTCH downstream target human homolog of hairy and enhancer of split-1 (*HES1*), which encodes a transcriptional factor HES1 \[[@R173]\]. Experiments performed using B16F10 and SK-MEL-28 cells, two melanoma cell lines, demonstrated that treatment with honokiol decreased the expression levels of cell primitive markers (CD271, CD166 and ABCB5) and reduced their clonogenic capacity. Honokiol also reduced the viability of these cells and increased autophagy. Additionally, treatment with honokiol decreased mainly NOTCH2 levels and also decreased levels of TNF-α converting enzyme and γ-secretase complex \[[@R174]\].

Atractylenolide (AT1) is a sesquiterpene lactone obtained from Rhizoma *Atractylodis macrocephalae*, a plant known from Traditional Chinese medicine that has anti-inflammatory, antibacterial, and antitumor effects and acts against disorders of the gastrointestinal tract \[[@R175]\]. Additionally, AT1 reduced the self-renewal capability of gastric CSCs enriched by sorting the CD44^+^ population of MGC-803 cells. MGC-803 CD44^+^ cells exhibit higher levels of NOTCH1 receptor than total MGC-803 cells. After treatment with AT-1, the expression of the NOTCH1 receptor and its downstream target (HES1, HEY1 and CD44) were reduced \[[@R175]\].

Moreover, the decoction called Xiaotan Sanjie, a preparation made using eleven different traditional Chinese medicinal herbs, is widely used against cancer in China and promotes the reduction of NOTCH1 expression in CSCs from gastric cancers. This effect was related to the anti-angiogenesis effect of Xiaotan Sanjie \[[@R176]\]. The compound

6-shogaol proved to be effective in reducing the self-renewal of CD44^+^CD24^-/low^ breast CSCs by modulating the WNT pathway, as previously mentioned. In another study performed in the same population, 6-shogaol was confirmed as a modulator of the NOTCH pathway \[[@R177]\]. A reduction of spheroid formation was dependent on lower levels of NOTCH1, HES1, and CCND1. The addition of DAPT, a γ-secretase inhibitor, produced an increase in the expression of these proteins, suggesting that 6-shogaol could inhibit γ-secretase \[[@R177]\]. Furthermore, the EGCG compound was active in head and neck squamous cell carcinoma cell lines (K3, K4 and K5). EGCG was able to reduce self-renovation of CSCs by decreasing pluripotency markers (OCT4, SOX2, NANOG and CD44) and resistance markers (ABCC2 and ABCG2) and by inhibiting the Notch pathway \[[@R178]\].

6.. HEDGEHOG SIGNALING AS A POTENTIAL TARGET FOR PHYTOMETABOLITES IN CSCS
=========================================================================

Despite its critical role in embryogenesis \[[@R179], [@R180]\], abnormal activation of the Hedgehog (Hh) pathway has emerged as a driven force of tumorigenesis \[[@R181]\]. Furthermore, evidence implicates the Hh pathway in CSCs in a variety of cancer models, including hematological malignancies and solid tumors \[[@R182]-[@R195]\]. The Hedgehog signaling pathway entails two transmembrane receptors, Patched-1 (PTCH1) and Smoothened (SMO). In the absence of the ligands (Sonic Hh \[Shh\], Indian Hh \[Ihh\], or Dessert Hh \[Dhh\]), PTCH1 constitutively represses SMO, thus preventing its translocation to primary cilia and repressing Hh signaling. In the presence of Hh ligand, PTCH1 alleviates the repression of SMO, leading to activation and translocation of the Gli proteins to the nucleus, where they transcriptionally induce Hh target genes \[[@R196]-[@R199]\]. This signaling pathway may accomplish its role in cells and tissues by acting on cell proliferation, motility and adhesion, as well as cell fate. In cancer, several lines of evidence indicate that Hh signaling contributes not only to the growth and maintenance of cancer, but it is also implicated in resistance and failure of chemotherapy, thereby inducing a more aggressive phenotype. In addition, the Hh may also function as a signal to determine the CSC phenotype through the regulation of the expression of stemness-associated genes, such as NANOG, OCT4, SOX2 and polycomb complex protein BMI-1 (also known as polycomb group RING finger protein 4 \[PCGF4\], or RING finger protein 51 \[RNF51\]), as described in \[[@R183], [@R200]-[@R203]\].

Chronic myeloid leukemia (CML) is one of the best-characterized stem cell-derived malignancies and studies have demonstrated that the Hh activity is correlated with the capacity of BCR-ABL-induced leukemia stem cells \[[@R187]\]. In this respect, treatment of mice transplanted with BCR-ABL-infected hematopoietic stem cells with cyclopamine, a phytochemical isolated from *Veratrum californicum*, popularly known as corn lily, significantly inhibited the stem cell pool and further increased mice survival \[[@R185]\]. This steroidal alkaloid was also shown to downregulate P-glycoprotein expression in multidrug resistant Lucena-1 cells, which derived from the chemosensitive K562 cell line \[[@R204]\]. In line with this study, Yao and colleagues \[[@R201]\] revealed that cyclopamine was also able to reverse resistance in gemcitabine-resistant pancreatic cancer cells, which were demonstrated to highly express CSC markers. In ALL, cyclopamine induced eosinophilic differentiation of HL60 cells \[[@R205]\] and significantly diminished self-renewal capability of ALL stem cell \[[@R206]\]. Additionally, to leukemias, the effects of cyclopamine were demonstrated in pancreatic, colon and breast cancer, gliobastoma and multiple myeloma CSCs \[[@R192], [@R201], [@R207], [@R208]\]. Cyclopamine was shown to inhibit Hh activity by binding directly to SMO. This effect is not surprising since the natural ligands for Smo are oxysterols \[[@R209]\].

The green tea polyphenolic component EGCG acts through many mechanisms and it is not surprising that it is also able to modulate the Hh signaling. In pancreatic CSCs, EGCG inhibited the Hh components and GLI transcriptional activity. Moreover, it also affects the CSC self-renewal capability, either alone or in combination with quercetin, condition that had a synergistic effect through attenuation of TCF/LEF and GLI activities \[[@R210]\]. In the same direction, the efficacy of the polyphenol curcumin and its derivatives in targeting colorectal CSCs has been shown in several *in vitro* and *in vivo* studies \[[@R211]\]. Additionally, Buhrmann and colleagues \[[@R212]\] have recently suggested that curcumin may contribute to suppress the epithelial-mesenchymal transition (EMT) and metastasis, since in co-cultures of colorectal cancer cells with stromal fibroblasts it was observed a dramatic increase in tumor-promoting factors, CSCs survival and EMT-inducing factors, which were counteract by treatment with curcumin \[[@R212]\]. Genistein is an isoflavone that suppressed tumorigenicity of prostate cancer *in vivo*. Furthermore, this isoflavone inhibited tumorsphere and colony formation. Prostate tumorspheres were demonstrated to be reach in CSCs and treatment with genistein inhibited tumorspheres growth through downregulation of the Hh-Gli1 pathway \[[@R212]\]. Recently, the aqueous extract isolated from sandy beige mushroom *Trametes robiniophila Murr* (Huaier) was found to affect the number, viability and size of mammospheres. Treatment with Huaier aqueous extract reduced the clonogenicity of human breast cancer MCF-7 cells, with a significant reduction in the numbers of cells expressing CD44^+^/CD24^-^ and a decrease in the levels of stemness markers, such as OCT4, NESTIN and NANOG. These effects were partly attributed to the inactivation of the Hh pathway \[[@R213], [@R214]\].

Moreover, arsenic trioxide has also been shown effective in antagonizing the Hh pathway in CSCs. Han and colleagues \[[@R214]\] reported the potential of this compound to inhibit the viability of pancreatic CSCs by binding to SHH/GLI protein complex *in vitro* and *in vivo* \[[@R215]\]. In a cell free condition, these authors demonstrated that arsenic trioxide was able to change the structure of recombinant GLI1 zinc finger peptides and its binding to GLI1 was confirmed in cultures of pancreatic cancer cells \[[@R215]\]. Since the recent approval of the drug vismodegib (Erivedge) by the US Federal Drug Administration (FDA) in 2012, it is expected a greater interest in research into new drugs that inhibit the Hh activity. Indeed, remarkable progress has been made in the identification of compounds from natural sources that target this signaling pathway, and most importantly in CSC, which may result in the development of new leaders for drug discovery in this area.

7.. NF-κB AND APOPTOSIS MODULATORS AGAINST CSCS
===============================================

Tumor formation or even the development of cancer cell drug resistance can be initiated by dysregulated apoptosis. NF-κB is a transcription factor for a large group of genes that are involved in different pathways. These pathways play important roles in tumorigenesis and suppression of these pathways is essential for the induction of tumor cell apoptosis \[[@R216]\]. Similarly, NF-κB influences cellular development, induces inflammatory responses, participates in wound repair, regulates cell survival and is constitutively activated in different types of cancer \[[@R217], [@R218]\]. By blocking the apoptotic event to save cells that might otherwise be killed, NF-κB can be dangerous and can lead to the maintenance of cancerous cells. In cancer cells, this anti-apoptotic activity and promotion of proliferation could lead to the development of safe inhibitors of the NF-κB pathway \[[@R219]\].

The NF-κB family of transcription factors consists of five members, p65, RELB, c-REL, p50 and p52, all of which contain a REL-homology domain that is responsible for DNA binding, dimerization, nuclear translocation and endogenous inhibition of NF-κB binding \[[@R217]-[@R221]\].

Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IĸBα) inhibits NF-κB activity by masking the nuclear localization signals of NF-κB proteins and keeping them sequestered in an inactive state in the cytoplasm \[[@R217]-[@R221]\]. In addition, IκBα blocks the ability of NF-κB transcription factors to bind to DNA, which is required for NF-κB\'s proper functioning. The IκB kinase (IKK) is an enzyme complex that is part of the upstream NF-κB signal transduction cascade. IKK specifically, phosphorylates the inhibitory IκBα protein \[[@R220], [@R221]\]. This phosphorylation results in the dissociation of IκBα from NF-κB. NF-κB, which is now free migrates into the nucleus and activates the expression of over 500 genes involved in immunoregulation, growth regulation, inflammation and apoptosis \[[@R220], [@R221]\].

The induction of anti-apoptotic genes such as BCL-xL, MCL-1, cFLIP and cIAPs by NF-κB contributes to the downregulation of the activity of the caspase cascade that forms the core of the apoptotic pathway \[[@R222]\]. Controlling multiple genes and being involved in a variety of human diseases makes NF-κB an interesting target for anti-cancer therapy. The inhibition of NF-κB enhanced the apoptosis induced by TNF-α related apoptosis-inducing ligand (TRAIL) in various tumor cells \[[@R223]\]. The same signal led to

the activation of two parallel but opposing pathways, the pro-apoptotic and the anti-apoptotic pathways \[[@R224]\]. However, the mechanisms behind the pro-apoptotic role of NF-κB remain elusive. They may involve the recruitment of caspase 8 and enhanced expression levels of the TRAIL1 and TRAIL2 receptors by upregulation of c-REL, as described in \[[@R220]\].

NF-κB has various levels of regulation and, given its importance in human diseases, this pathway could be targeted at different levels, including protein kinases, phosphatases, nuclear translocation and DNA binding for selectively inducing apoptotic cell death. Moreover, in some cancer stem cells, NF-κB is aberrantly expressed, and its inhibition rapidly leads to cell death \[[@R225]\]. Several natural compounds have been suggested to be potent anti-cancer agents, and some of them act on CSCs. Curcumin and EGCG are examples of phytometabolites that have been described as potent NF-κB inhibitors acting as anti-cancer agents \[[@R226]\]. The function of both compounds is also related to their ability to suppress breast CSCs by specifically inhibiting STAT3 phosphorylation and retaining the STAT3/NF-κB interaction \[[@R227]\]. Parthenolide, a sesquiterpene lactone, is an example of a natural product that acts on leukemia stem cells and mammary breast cancer stem cells by inhibiting NF-κB activity \[[@R225]\]. Genistein, an isoflavonoid, is another pythometabolite that significantly inhibits NF-κB DNA-binding activity \[[@R228]\]. To date, hundreds of different NF-κB inhibitors have been reported, but so far no drugs that inhibit NF-κB have been approved.

CONCLUSION
==========

Several latest reviews highlight the possibility of selective targeting CSCs using a plethora of natural compounds \[[@R229]-[@R236]\]. We also summarized the information about the compounds reviewed here in (Table [1](#T1){ref-type="table"}). Since CSCc are able to impair the effectiveness of anti-cancer drugs, they might underline the resistance of tumors to chemotherapeutic agents, thereby exerting poor survival rates for cancer patients. Therefore, a search for novel anti-cancer compounds in general and from natural sources in particular is important quest for cancer biologist and clinicians alike. The notion that natural compounds form plants, fungi and marine life forms might display lesser side effects on normal adjacent cells and tissues than the synthetic drugs would facilitate the basic and translational research in the field. On the practical note, new anti-cancer drug cocktails containing the natural compounds should target all cancer cell populations, including CSCs. Natural compounds found throughout an entire planet categorized into several classes, such as terpenes, flavonoids, isoflavones, lignans, neolignans, glycosides, coumarin, chromones, quinones, phytosterols and alkaloids, among others, attest to the exceptional structural diversity present in plants, thereby making natural compounds, especially medicinal plants, an inexhaustible source of original models. Keeping in mind that Brazil, for example, hosts between 15 and 20% of our planet\'s biodiversity presenting the greatest diversity of endemic species in the different kingdoms. In this context, it is believed that among 250 thousands of cataloged plant species worldwide, approximately 120 thousands of them grow in Federative Republic of Brazil, making Brazilian biodiversity an important source of raw material for developing new anti-cancer drugs.
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![(**a**) Schematic illustration of CSCs sensitivity to therapy. (**b**) Properties of CSCs.](CG-18-156_F1){#F1}

![(**a**) ABC transporters have two transmembrane domains (TMD) and two ATP-binding domains (nucleotide-binding folds NBF). ABC transporters efflux substrates using the power provided by ATP hydrolysis. (**b**) Schematic illustration of a side population. Side populations are localized off to the side of the main population of cells.](CG-18-156_F2){#F2}

![(**a**) "Off State". In the absence of Wnt signals, β-catenin is captured by a degradation complex containing Gsk3 (glycogen synthase kinase 3), Axin/Conductin, CK1 (casein kinase 1) and APC (adenomatous polyposis coli) where it is first phosphorylated and then ubiquitinated on N-terminal sequences by β-TrCP (β-transducin repeat-containing protein). β-catenin is subsequently targeted for proteasomal degradation. In the nucleus, the transcriptional inhibitor TLE (human homolog of Drosophila Groucho) binds to LEF/TCF (lymphoid enhancer factor/T-cell factor) and inhibits transcription. (**b**) "On State". Wnts bind to and activate FZD (Frizzled) and LRP (LDL-related receptor protein) receptors on target cells. LRP5/LRP6 are phosphorylated by CK1 and Gsk3, and DVL (Dishevelled) molecules are recruited to the plasma membrane to interact with FZD. The interaction of Axin with phosphorylated LRP5/6 and DVL leads to the inactivation of the degradation complex and the accumulation of β-catenin, which translocates to the nucleus. In the nucleus, β-catenin forms a transcriptionally active complex with LEF and TCF by displacing Groucho and interacts with co-activators such as BCL9 (B-cell lymphoma 9), Pygo (Pygopus), CBP (CREB-binding protein) and MLL (mixed-lineage leukemia).](CG-18-156_F3){#F3}

![**Notch signaling pathway.** Notch receptors are synthesized as precursor proteins that are cleaved during transport to the cell surface where they are expressed as heterodimers. Following the binding of the ligand, placed in the surface of a neighboring cell, Notch is activated by two consecutive proteolytic cleavages that release its intracellular domain (NICD). The first proteolytic cleavage is mediated by the metalloprotease TACE, which cleaves the receptor on the extracellular side near the transmembrane domain. The second cleavage occurs within the transmembrane domain and is mediated by γ-secretase activity. This final cleavage liberates the NICD, which subsequently translocates to the nucleus where it binds to the transcription factor CBF1. This interaction converts CBF1 from a transcriptional repressor into a transcriptional activator by displacing nuclear co-repressor proteins (CoR) and by recruiting nuclear co-activator proteins (CoA).](CG-18-156_F4){#F4}

###### 

Natural compounds and cancer stem cells.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Source**                                                                                          **Compound**         **Origin of CSCs**                     **Targets**                                                               **Refs.**
  --------------------------------------------------------------------------------------------------- -------------------- -------------------------------------- ------------------------------------------------------------------------- ------------------------------------------------------
  *Camellia sinensis*                                                                                 EGCG                 Breast, colon, pancreatic              CCND1, BCL-xL, HBP1, AKT, HSP90                                           \[[@R67]-[@R69], [@R229], [@R230]\]

  *Zinziber officinalis*                                                                              6-Gingerol           Colon                                  WNT/CTTNB1, TNF, NF-κB, AP1                                               \[[@R229], [@R230]\]

  *Adansonia, Aralia, Moringa, Morus, and Toona species*                                              β-carotene           Neuroblastoma                          HIF-1α, OCT3/4. DLK1                                                      \[[@R229], [@R230]\]

  *Scutellaria baicalensis*                                                                           Baicalein            Bone marrow, CML                       ABCG                                                                      \[[@R229]\]

  *Curcuma longa*                                                                                     Curcumin             Breast, brain, colon, pancreatic       WNT/CTTNB1, Hh, NOTCH, ABCB1, ABCC1, ABCG1                                \[[@R78]-[@R80], [@R148]-[@R150], [@R229], [@R230]\]

  *Thysanoptera* genus                                                                                Cyclopamine          Breast, bone marrow, CML               Hh, SMO                                                                   \[[@R229], [@R230]\]

  *Vaccinium* genus, *Rubus* genus                                                                    Delphinidin          Neuroblastoma                          WNT/CTTNB1, Hh, NOTCH                                                     \[[@R229]\]

  *Glycine max (L.) Merr.*                                                                            Genistein            Breast, ovarian, kidney, melanoma      WNT/CTTNB1, Hh, NOTCH                                                     \[[@R228]-[@R230]\]

  *Gossypium* genus                                                                                   Gossypol             Prostate                               DNA damage, p53 reactivation, apoptosis                                   \[[@R229], [@R230]\]

  Cruciferaceae sp.                                                                                   Isothiocyanates\     Prostate, pancreatic, cervical         NF-κB, PKB/AKT, Let-7                                                     \[[@R141]-[@R143], [@R229], [@R230]\]
                                                                                                      (SFN)                                                                                                                                 

  *Mentha piperita, Mentha spicata, Salvia dorrii, Hyptis crenata*                                    Linalool             AML                                    NF-κB, p53, cell cycle arrest                                             \[[@R229], [@R230]\]

  *Solanum lycopersicum, Citrus × paradise*                                                           Lycopene             Breast                                 WNT/CTTNB1, Hh, NOTCH                                                     \[[@R229]\]

  *Tanacetum parthenium*                                                                              Parthenolide         Breast, AML, lung                      NF-κB, TNFRSF10B, PMAIP1                                                  \[[@R225], [@R229]\]

  *Piper nigrum*                                                                                      Piperine             Breast                                 WNT/CTTNB1                                                                \[[@R229]\]

  *Platycodon grandiflorum*                                                                           Platycodon saponin   Prostate                               PI3K/AKT/ERK1, SMAD                                                       \[[@R229], [@R230]\]

  *Psoralea corylifolia*                                                                              Psoralidin           Prostate                               PI3K/AKT, NOTCH1                                                          \[[@R229]\]

  *Capparis spinosa, Piper* genus                                                                     Quercetin            Breast, oral, pancreatic, colon        WNT/CTTNB1, Hh, BCL/ BAX, MAPK, Let-7, KRAS                               \[[@R229], [@R230]\]

  *Vitis vinifera, Prunus* genus                                                                      Resveratrol          Mammospheres, medulloblastoma, colon   Apoptosis, DAPK, BNIP3, FASN                                              \[[@R138]-[@R140], [@R229], [@R230]\]

  *Streptomyces albus*                                                                                Salinomycin          Breast, cervical, prostate, colon      WNT/CTTNB1, mTOR, CD133                                                   \[[@R229], [@R230]\]

  *Silybum marianum*                                                                                  Silibinin            Breast, lung, prostate, colon          WNT/CTTNB1, NOTCH1, Hh, CD133                                             \[[@R229], [@R230]\]

  *Thymus vulgaris, Ocimum basilicum, Origanum* genu*s*                                               Ursolic acid         Breast, colon, prostate                WNT/CTTNB1, NOTCH1, Hh, PI3K/AKT                                          \[[@R229], [@R230]\]

  *Withania somnifera*                                                                                Withaferin A         Breast                                 NOTCH1                                                                    \[[@R101]-[@R103], [@R229]\]

  *Salvia officinalis, Lawsonia inermis, Turnera aphrodisiaca, Ocimum basilicum, Tamarindus indica*   Apigenin             ALL, breast                            ABC transporters                                                          \[[@R86]\]

  *Coptis chinensis, Hydrasis canadendis, Tinospora cordifolia*, Berberidaceae                        Berberin             Breast, pancreatic                     ABC transporters, ABCC1, BCRP/ABCG2                                       \[[@R91], [@R92]\]

  *Spatholobus suberectus*                                                                            Isoliquiritigenin    Breast                                 WNT/CTNNB1, CCND1, BCRP/ABCG2, OCT4, c-MYC, BIRC5                         \[[@R97], [@R98]\]

  *Vaccinium* genus                                                                                   Pterostilbene        Breast                                 CD44, WNT/CTNNB1                                                          \[[@R125]-[@R127]\]

  *Vitex trifolia*, *Vitex agnus-cactus, Artemisia annua*                                             Casticin             Liver                                  WNT/CTNNB1, TWIST                                                         \[[@R131]-[@R133]\]

  *Magnolia sp.*                                                                                      Honokiol             Melanoma                               WNT/CTNNB1, NOTCH2, CD271, CD166, ABCB5, PSEN1, NCSTN, PEN2, APH1, JAG1   \[[@R173], [@R174]\]

  *Atractylodis macrocephalae*                                                                        Atractylenolide      Gastric                                NOTCH1, HES1, HEY1, CD44                                                  \[[@R175]\]

  *Zinziber officinalis*                                                                              6-shogaol            Breast                                 NOTCH1, HES1, CCND1                                                       \[[@R177]\]

  *Trametes robiniophila Murr*                                                                        Huaier               Breast                                 OCT4, NESTIN, NANOG                                                       \[[@R213], [@R214]\]
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
